We study the near-infrared properties of 690 Mira candidates in the central region of the Large Magellanic Cloud, based on time-series observations at JHK s . We use densely-sampled I-band observations from the OGLE project to generate template light curves in the near infrared and derive robust mean magnitudes at those wavelengths. We obtain near-infrared Period-Luminosity relations for Oxygen-rich Miras with a scatter as low as 0.12 mag at K s . We study the Period-Luminosity-Color relations and the color excesses of Carbon-rich Miras, which show evidence for a substantially different reddening law.
INTRODUCTION
The accurate calibration of the Extragalactic Distance Scale plays a critically important role in understanding the content and evolution of the Universe. The most recent robust measurement of the Hubble constant (H 0 ) by Riess et al. (2016) , based on Cepheid variables and type Ia supernovae, and the inferred value of H 0 by Planck Collaboration et al. (2016) under the assumption of ΛCDM are discrepant at the 3.4σ level. This may be an indication of additional components in the cosmological model, such as "dark radiation" (Bernal et al. 2016) . Since Mira variables (Miras) exhibit several promising properties as distance indicators, they may provide an independent route to H 0 to test the current discrepancy. Mira Period-Luminosity relations (PLRs) are relatively tight at near-infrared (NIR) wavelengths (Glass & Lloyd Evans 1981) , which are preferred over measurements in optical bands given the reduced effect of dust at longer wavelengths. The initial masses of Miras are considerably lower than those of Cepheids (1 − 2 to 4M ⊙ ; Feast 2009), which implies that Miras can be found in all types of galaxies, including those without recent star formation. Furthermore, Miras are generally more luminous than Cepheids, by 2 − 3 magnitudes at K s . A discussion of the importance of Miras as distance indicators can be found in Whitelock & Feast (2014) . In this article, we will use "Miras" to refer to both spectroscopically-confirmed Miras and Mira candidates (based only on photometric observations).
The PLRs of Mira-like variables have been studied by many generations of astronomers (Gerasimovic 1928; Gyllenberg 1929; Wilson & Merrill 1942) . These initial studies were extended to filter-specific and bolometric PLRs once photometric systems were introduced. For example, Eggen (1975) related the periods and colors for the long-period variables and thus obtained their bolometric PLR; Robertson & Feast (1981) determined the Mira PLRs in NIR and bolometric magnitudes. A sample of Miras in the LMC was studied by Glass & Feast (1982) , who found a K-band PLR dispersion of 0.23 mag. Glass et al. (1987) observed a larger sample of LMC Miras and obtained an K-band PLR for M-type Miras with scatter of only 0.13 mag. Feast et al. (1989) noticed that several Oxygen-rich (O-rich) Miras with periods longer than 420 days are brighter than the extrapolated K-band PLR of a sample with shorter periods. The additional luminosity of these stars was explained by Whitelock et al. (2003) as a consequence of an ongoing or a recently-experienced "hot bottom burning" episode (HBB; see §7.6 of Marigo et al. 2013) . Excluding these very long-period stars, Whitelock et al. (2008) concluded that O-rich and Carbon-rich (C-rich) Miras exhibit similar PLRs by studying a relatively small sample in the LMC.
The broader topic of PLRs for various types of luminous red giants (including but not limited to Miras) benefited immensely from the microlensing surveys towards the Magellanic Clouds. Wood et al. (1999) and Wood (2000) used observations from the MACHO project (Alcock et al. 1993) to establish the existence of five sequences in the Period-Luminosity plane, one of which corresponds to Miras pulsating in the fundamental mode. The OGLE project (Udalski et al. 2008) enabled many significant refinements to these sequences (Soszynski et al. 2004a (Soszynski et al. ,b, 2007 , which were recently examined from a theoretical perspective by Wood (2015) .
In this article, we present sparsely-sampled NIR observations of over 600 LMC Miras originally discovered by the OGLE project (Soszyński et al. 2009 ). Using their exquisite I-band photometry, we develop light curve templates for individual Miras at JHKs and use them to derive PLRs with scatter as low as 0.12 mag. Miras are known to lose considerable amounts of mass during their evolution in the AGB phase (Wood 1990) . That material forms dust envelopes that attenuate starlight to varying degrees and may hinder accurate Mira-based distance determinations. We compare the color indices of O-and C-rich subtypes of Miras in our sample and find that they have significantly different properties, as already known from previous work (e.g., Glass & Feast 1982) . The color indices of O-rich Miras exhibit much less dispersion than those of C-rich ones, indicating very different circumstellar dust environments.
The rest of the article is organized as follows. In Section 2 we describe the data used in this study. The procedure to generate NIR light curve templates is described in Section 3. Section 4 presents an analysis of the NIR color excesses, while Section 5 presents PeriodLuminosity and Period-Luminosity-Color relations for O-and C-rich Miras, respectively. We draw conclusions and discuss the results in Section 6.
DATA
This study used I-band measurements of Miras by OGLE-III (Soszyński et al. 2009 ) and JHK s observations from the LMC Near-Infrared Synoptic Survey (LMCNISS; Macri et al. 2015) .
LMCNISS Measurements
LMCNISS observed the central region of the LMC in JHK s using the CPAPIR camera at the CTIO 1.5m telescope. A detailed description of the survey was presented by (Macri et al. 2015) . The data products from this survey include observations for 690 Miras. 681, 679, and 676 variables have measurements in JHK s , respectively, with 668 observed in all three bands. A total of 84,852 individual photometric measurements are available, which can be separated into three broad groups based on the observation dates: 2006 November, 2007 January 2007 November. Compared to the periods of Miras, the time span of any of the groups is short enough to reject extreme outliers based on the mean magnitude of a given variable within the group. Across this study, "extreme outliers" are defined as data beyond outer fences, which are mathematically equal to Q 1 − 3 × (Q 3 − Q 1 ) and Q 3 + 3 × (Q 3 − Q 1 ) with Q 1 and Q 3 being the values at the 25 and 75 percentiles, respectively. We rejected such extreme outliers, which constituted 3.6% of the entire data. The final median number of measurements per Mira is 42, 44, and 38 in JHK s , respectively.
OGLE-III Measurements
We retrieved the I-band light curves and the O/C-rich classification for each Mira observed by LMCNISS from the OGLE-III database. The OGLE-III light curves are densely sampled and have excellent signal-to-noise levels. The observations extend for as long as 12 years for most Miras and gracefully cover the period when the LMCNISS was carried out. We used 551,923 measurements and rejected only 46 data points that noticeably deviated from their neighbors, possibly due to occasional photometry artifacts.
We used the semi-parametric Gaussian process model of He et al. (2016) to fit the OGLE-III light curves. This model assumes that the I-band light curve of a Mira can be decomposed into a sinusoidal component with a single period P and an amplitude A(I), plus a data-driven component that captures cycle-to-cycle and long-term variations. This differs from the approach taken by the OGLE-III team, which solved for multiple periods for each variable. We assumed that the period and amplitude of the sinusoidal component of a given Mira do not change during the time window being considered. To avoid large uncertainties in some regions of template curves where data are sparse, we excluded any sampling gaps longer than 50 days. As a result, the template curves are not continuous curves. Thanks to the dense sampling of the I-band light curve and the exclusion of large gaps from the analysis, the choice of fitting method (Gaussian process, smooth spline or piecewise high-order polynomial) does not impact the result. Figure 1 . Example of how the mean value of J − H (used in the linear regression model) was derived from the three groups of measurements for OGLE-LMC-LPV-08476.
curves at these wavelengths. The method we used is slightly complicated due to several restrictions. Firstly, unlike Cepheids or RR Lyrae, Mira light curves are not strictly repetitive and phase-folding does not yield smooth curves. Secondly, given the long periods of Miras, the LMCNISS observations are extremely sparse and are concentrated at only three "epochs," which can by no means be used to estimate the true underlying light curves without additional information. Lastly, the amplitudes of Mira light curves are known to be large and vary from cycle to cycle. Simply averaging these three "epochs" would result in unacceptably large scatter in the PLRs.
To overcome the aforementioned restrictions, we made use of the densely-sampled I-band light curve data from OGLE-III, which span a much longer baseline that includes the times of the JHK s observations. We assumed that as long as the JHK s observations take place within the time window sampled by the I-band light curves, these will track each other. We use the J band to illustrate our method. The H-and K s -band light curves were derived using the same approach.
We firstly built a regression model to predict the value of I(t) − J(t) (where t is the time of observation). We then used the relation provided by the regression model and the I-band light curve to derive the J-band light curve for each Mira, i.e.
J(t) = I(t) − I(t) − J(t) ,
where I(t) is obtained by the process described in §2.2 and I(t) − J(t) is provided by the regression model.
We built a regression model with (I(t) − J(t)) as the response using several variables as possible predictors: phase φ(t), absolute I magnitude I abs (t), period P , amplitude of the sinusoidal component of the I-band model A(I), and mean NIR color indices (J − H) and (H − K). The phase is defined relative to the time of maximum light in the I band and is restricted to the interval 0 ≤ φ < 1. The mean NIR color indices were calculated as shown in Figure 1 : we first computed their values for each temporal group, and then obtained the average using equal weights for each point. We considered several functional forms for each variable that could contribute to the predictor, which are listed in Table 1 . We built separate regression models for each of I − JHK s , and treated O and C-rich subtypes separately. For each of these six groups, we first selected a subset of the predictors using the LASSO algorithm (Tibshirani 1994) to avoid over-fitting. The regularization parameter was determined by a 10-fold cross-validation. With the selected subset of predictors, we trained a leastsquare regression with two stages. In the first stage, we ran the least-square regression using all data, while in the second stage, we removed residual outliers in the first stage and reran the same least-square regression. Figure 2 shows the result of this two-stage procedure, and the regression coefficients for each of the six groups are presented in Table 1 . The typical scatter of residuals is 0.12 mag.
With these regression models, we predicted the color curves and hence obtained the J(t), H(t), and K s (t) curves. For each Mira in each band, we then solved an overall offset between the predicted curve and actual measurements. The final NIR template curves were obtained by subtracting the offsets from the predicted curves. Figure 3 shows an example of NIR template curves for two Miras, including a long-period object that exhibits double maxima. Our modeling procedure is able to accommodate these types of pulsators without any issues. We obtained the mean, maximum, and minimum JHK s magnitudes of each variable by evaluating the simple average, maximum, and minimum of the piecewise template curves. These values are listed in Table 2 .
We applied the above analysis to 658 of the 690 Miras in our sample. The other variables were excluded because they lacked NIR color indices (22), had highly unusual values for these quantities (6), exhibited unrealistic spikes in the template curves perhaps due to incorrect phase determination (3) or had very large residuals (1). For these 32 Miras we simply computed mean JHK s magnitudes by taking the average of the mean measurements of individual temporal groups. The mean magnitudes for these Miras are also listed in Table 2 and were included in the subsequent analysis.
COLOR EXCESSES OF MIRAS
The O-and C-rich subtypes of Miras are known to exhibit different NIR colors (Glass & Feast 1982; Feast et al. 1982; Wood et al. 1983; Soszyński et al. 2009 ), due to their different circumstellar dust environments (Ita & Matsunaga 2011; Nanni et al. 2013; Bladh et al. 2015; Höfner et al. 2016; Marigo et al. 2017) . We studied the circumstellar extinction of the LMC Miras in our sample using the J − H and H − K s color indices. We found that the LMC Miras clustered in two regions in the observed color-color diagram as shown in Figure 4 . Most O-rich Miras (blue circles) are centered at [0.345 ±0.005 , 0.780 ±0.006 ], although we note that our sample does not contain some previously-known O-rich LMC Miras that are very red (van Loon et al. 1998; Whitelock et al. 2003 ). The C-rich Miras (red pluses) are located along a narrow strip. We obtained the centroid of the O-rich Mira cluster, excluding points outside of a 0.2 mag radius. We fit a straight line to the C-rich Miras iteratively, with the first iteration excluding any points further than 0.2 mag from the fit, and the second iteration excluding extreme outliers. Interestingly, the fitted line Feast et al. (1989) . Their relation was placed in the 2MASS photometric system using the transformations from Carpenter (2001). (Feast et al. 1989; Glass et al. 1995 ) that the observed color indices for both subtypes of Miras increase as a function of period, as shown in Figure 6 . We compared our color measurements to those of Galactic C-rich variable stars (Whitelock et al. 2006) , as well as the extinction laws of interstellar dust. With the assumption that O-and C-rich Miras have the same J − H and H − K s color indices, the color excess ratio E(J − H)/E(H − K s ) for C-rich Miras simply equals the slope in the color-color diagram, which is 0.94 ± 0.01. We transformed the photometric measurements of Whitelock et al. (2006) to 2MASS JHK s magnitudes with Equations 33-36 of Carpenter (2001) and obtained a similar color excess ratio (0.930 ±0.003 ), as shown in Figure 7 . This value, however, is very different from the interstellar extinction laws. For example, Nishiyama et al. (2009) 
.09 towards the direction of Galactic center; Wang & Jiang (2014) derived a value of 1.78 using a sample of 5942 K-type giants. This difference is not surprising given the wide range of sources that contribute to interstellar dust (see Matsuura et al. 2009 , and references therein).
MIRA PLRS IN THE NIR
Miras are not strictly periodic but exhibit chaotic variations in their light curves. Given the limited time coverage of the observations, it is not possible to obtain their true mean magnitudes. As a proxy, we used the median value of all the maxima and minima in each piecewise template light curve. For those objects without template light curves, we used the average magnitude of the three temporal groups. We subtracted the distance modulus of the LMC (18.493 mag; Pietrzyński et al. 2013 ) to obtain their absolute values. The uncertainties of the JHK s photometric zeropoints are ∼ 0.02 mag and we caution the readers that these zeropoint errors, together with the uncertainty in the LMC distance modulus, were not included in the subsequent analysis. We fit empirical quadratic relations
to the periods and magnitudes of O-rich Miras. We rejected extreme outliers in each band during the fit. The O-rich PLRs derived in this work are broadly consistent with the preliminary relations derived by Yuan et al. (2017) based on single-epoch 2MASS observations. However, our relations exhibit ∼ 2× lower dispersion. The relations are plotted in Figure 8 and summarized in Table 3 . We also tested the PLRs using Wesenheit indices based on the interstellar extinction law from Fouqué et al. (2007) , though this may be different from the circumstellar dust extinction law for Miras. These Wesenheit indices are
We found that the K s -band PLR gives the least scatter in all six bands or Wesenheit indices. We caution the readers that these Wesenheit indices may be inappropriate as distance indicators since the circumstellar dust extinction law and the color dependences of PLRs for Miras are not fully understood at present.
The recent analysis by Wood (2015) gives a strong motivation to consider a linear formulation of these relations for O-rich Miras, as long as one excludes variables with P > 400 d which may be affected by HBB (as discussed in the Introduction). We list the results of these fits in Table 3 and note that as long as the aforementioned upper period limit is imposed, these relations exhibit comparable scatter to the quadratic formulations that span the entire period range.
We explored the correlations of the PLR residuals across different bands, defined as M obs − M PLR . For the C-rich Miras, we used the PLRs of O-rich Miras as fiducial relations to compute "residuals". The same method has been used by Ita & Matsunaga (2011) to investigate the circumstellar extinction of Miras. We found strong correlations of the residuals across JHK s bands for both O-and C-rich Miras, as shown in Figure 9 . Several factors may contribute to these correlations: (1) color variations due to changes in temperature (see the related discussion in Madore & Freedman 1991) ; (2) interstellar dust; (3) circumstellar dust; (4) correlated measurement noise. For C-rich Miras, the correlations span ranges that are too large to be explained by factors (2) and (4). Nevertheless, the validity of using PLRs of O-rich Miras as fiducials for this purpose remains to be proven. We compared the slopes of these correlations to the theoretical interstellar reddening vectors derived from Fouqué et al. (2007) (red arrows in Figure 9 ) and found they are statistically different in most cases.
While we cannot break the degeneracy of these many factors, we investigated observed Period-LuminosityColor Relations (oPLCRs) for C-rich Miras given the tight correlation of residuals. As we have mentioned, in terms of studying the circumstellar dust extinction and color dependences of PLRs for C-rich Miras, the interstellar extinction and correlated measurement errors are negligible. We fit the oPLCRs in the form of
where a 0 , a 1 and b are free parameters. We applied a revised version of least-squares fit to minimize
−1/2 instead of σ to account for the dependence of σ on b, where σ is scatter of fit to Q K JK . We used equal values of σ J and σ K since the intrinsic scatter is unknown. We found that the choice of the values of σ J and σ K or the number of orders in the period terms does not significantly change the results. For example, using the scatter ratio of PLRs of O-rich Miras (σ J /σ K = 1.25) or adding a quadratic term in the period only changes the value of b by 2.6% and 1.1%, respectively. We excluded any measurements with uncertainties greater than 0.3 mag or extreme outliers during the fit. We also obtained the oPLCRs for other combinations of colors, and list the results in Table 4 . We show the first-order fit to the oPLCRs in Figure 10 . We are aware that the circumstellar dust extinction law may be degenerate with intrinsic color terms, and one should not take the Q values as reddening-free Wesenheit indices. 
CONCLUSIONS AND DISCUSSION
We analyzed the NIR color indices for over 600 LMC Miras. We found that the O-and C-rich subtypes occupy different yet well-confined regions in the color-color diagram. We compared our results with stellar model predictions and literature measurements of Galactic Crich stars. We hypothesize that both Mira subtypes have similar intrinsic colors but only C-rich Miras exhibit significant attenuation by circumstellar dust. If our hypothesis is valid, the properties of that circumstellar dust are very different from its interstellar counterpart.
We developed decade-long NIR template light curves for 658 LMC Miras using the I-band OGLE-III light curves, and derived PLRs based on these templates. We found that the observed magnitudes of the C-rich Miras are fainter than those predicted from O-rich Miras, and these differences decrease with increasing wavelength. The magnitude differences are highly correlated across JHK s bands. These facts support our hypothesis of circumstellar extinction for the C-rich Miras.
However, our hypothesis is not fully justified within this work, as we cannot rule out the possibility that the circumstellar extinction of C-rich Miras is coupled with the intrinsic color variations from the stars and/or the dust envelopes. If the intrinsic color variations exist, the aforementioned slope of C-rich Mira color indices is no longer the color excess ratio, and its comparison with interstellar extinction laws becomes invalid.
As part of the hypothesis, we assumed that the circumstellar extinction for O-rich Miras is marginal in the NIR. The low scatter in the PLRs of O-rich Miras supports this assumption. If the circumstellar dust around O-rich Miras were significant, we would expect extinction variations would increase the dispersion in those relations. Future studies of O-rich Mira PLRs in other systems with known distances will be even more helpful to check the amount of circumstellar extinction for O-rich Miras. 
